We have previously reported that cells in cat areas 17 and 18 can show increases in response to non-optimal orientations or directions, commensurate with a loss of inhibition, during inactivation of laterally remote, visuotopically corresponding sites by iontophoresis of γ-aminobutyric acid (GABA). We now present anatomical evidence for inhibitory projections from inactivation sites to recording sites where 'disinhibitory' effects were elicited. We made microinjections of [ 3 H]-nipecotic acid, which selectively exploits the GABA re-uptake mechanism, Ͻ 100 µm from recording sites where cells had shown either an increase in response to nonoptimal orientations during inactivation of a cross-orientation site (n ϭ 2) or an increase in response to the nonpreferred direction during inactivation of an iso-orientation site with opposite direction preference (n ϭ 5). Retrogradely labelled GABAergic neurons were detected autoradiographically and their distribution was reconstructed from series of horizontal sections. In every case, radiolabelled cells were found in the vicinity of the inactivation site (three to six within 150 µm). The injection and inactivation sites were located in layers II/III-IV and their horizontal separation ranged from 400 to 560 µm. In another experiment, iontophoresis of biocytin at an inactivation site in layer III labelled two large basket cells with terminals in close proximity to cross-orientation recording sites in layers II/III where disinhibitory effects on orientation tuning had been elicited. We argue that the inactivation of inhibitory projections from inactivation to recording sites made a major contribution to the observed effects by reducing the strength of inhibition during non-optimal stimulation in recurrently connected excitatory neurons presynaptic to a recorded cell. The results provide further evidence that cortical orientation tuning and direction selectivity are sharpened, respectively, by cross-orientation inhibition and iso-orientation inhibition between cells with opposite direction preferences.
Introduction γ-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in mammalian cerebral cortex (for reviews see Curtis & Johnston, 1974; Krnjevic, 1984) . Every fifth neuron and 15% of synaptic boutons in cat visual cortex contain GABA (Gabbott & Somogyi, 1986; Beaulieu & Somogyi, 1990) , and every cortical cell receives a rich GABAergic input (Freund et al., 1983; Somogyi, 1989) . Results of experiments employing iontophoretic application of GABA Aantagonists close to a recorded cell (Sillito, 1977 (Sillito, , 1979 Tsumoto et al., 1979; Sillito et al., 1980) established the importance of GABAergic inhibitory processes for orientation tuning and direction selectivity in cat visual cortex. Further evidence for a contribution of intracortical inhibition to both properties has accumulated from studies employing multiple visual stimuli (Emerson & Gerstein, 1977; Morrone et al., 1982; Ganz & Felder, 1984; Emerson et al., 1987; Bonds, 1989) or local inactivation techniques (Eysel et al., 1988 (Eysel et al., , 1990 Crook et al., 1991 Crook et al., , 1996 Crook et al., , 1997 Crook & Eysel, 1992; Allison & Bonds, 1994) Correspondence: Dr J. M. Crook, Leibniz Institute of Neurobiology, Brenneckestrasse 6, D-39118 Magdeburg, Germany.
Received 22 October 1997 , revised 4 February 1998 , accepted 11 February 1998 and from a number of intracellular recording studies (Creutzfeldt et al., 1974; Innocenti & Fiore, 1974; Sato et al., 1991; Volgushev et al., 1993; Pei et al., 1994; but see Ferster, 1986) . However, the way in which GABAergic mechanisms are utilized in the synaptic circuits determining orientation/direction selectivity and the functional specificity of the underlying inhibitory connections remain controversial issues (for reviews see Chapman & Stryker, 1992; Vidyasagar et al., 1996; Sompolinsky & Shapley, 1997) .
Recent studies from our laboratory have provided evidence that cortical orientation tuning and direction selectivity are sharpened, respectively, via inhibition between cells with radically different orientation preferences and opposite direction preferences. These studies involved reversibly inactivating functionally characterized sites in areas 17 or 18 by iontophoresis of GABA while monitoring the orientation tuning and direction selectivity of single cells recorded at laterally remote, visuotopically corresponding sites in the same area (Crook & Eysel, 1992; Crook et al., 1996 Crook et al., , 1997 . Remote inactivation often caused increases in response to non-optimal stimuli, commensurate with a loss of inhibition. Increases in response to nonoptimal orientations were elicited almost exclusively from crossorientation sites and increases in response to non-preferred directions mainly from iso-orientation sites whose direction preference was opposite that of a recorded cell. Although these effects may have been mediated via a number of different pathways, one obvious possibility is that they involved the loss of a direct inhibitory input from inactivation sites to recording sites. Consistent with this, lateral inhibitory connections in area 17 Somogyi et al., 1983; Albus et al., 1991; Albus & Wahle, 1994) and area 18 (Matsubara & Boyd, 1992; Thejomayen & Matsubara, 1993) have been shown to link both iso-orientation and cross-orientation sites (Kisvárday & Eysel, 1993; Kisvárday et al., 1994) .
The aim of the present study was to test for the presence of a direct inhibitory pathway from an inactivation site to recording sites where the above types of disinhibitory effect had been elicited. To this end, we made microinjections close to recording sites of [ 3 H]-nipecotic acid, a highly potent and selective competitor with GABA for high-affinity GABA uptake (Krogsgaard-Larsen & Johnston, 1975; Johnston et al., 1976a,b; Larsson et al., 1980; Kovalev & Raevskii, 1981) . Experiments in monkey visual cortex have shown that injections of [ 3 H]-nipecotic acid can produce selective retrograde labelling of GABAergic neurons (Kritzer et al., 1992) , and we verified that this was the case with our injections. The present approach thus allowed us to visualize the distribution of GABAergic inhibitory neurons with projections which terminated in the vicinity of a recording site and to test for their presence at the inactivation site. Some of the results have been presented previously in abstract form (Crook et al., 1992a,b) .
Materials and methods

Inactivation experiments
The effects of remote inactivation reported here were elicited during the course of experiments described in Crook et al. (1996 Crook et al. ( , 1997 . Details of physiological preparation, recording and inactivation procedures, data acquisition and analysis may be found therein. Briefly, experiments were performed on lightly anaesthetized (artificial ventilation with 70 : 30% N 2 O/O 2 plus 0.4-0.6% halothane), paralysed (arterial infusion of 0.06 mg/kg per h alcuronium chloride) adult cats (2.5-5.0 kg), which had been prepared acutely using standard procedures. The electroencephalogram, electrocardiogram, pulse rate, arterial blood pressure (95-140 mmHg), end-tidal CO 2 (3.5-4.2%) and body temperature (near 38.5°C) were monitored continuously as indicators of anaesthetic efficacy. Single-unit recordings were made with micropipettes filled with 5% biocytin in 0.5 M sodium acetate (tip diameter 1-3 µm; impedance 1-5 MOhm). An independently driven double-barrel pipette (tip diameter 10-20 µm) was used for local inactivation, with one barrel containing GABA (0.5 M, pH 3.0; retaining current -15 nA) and the other biocytin (5% in 0.5 M sodium acetate) to allow recording of multiunit activity. To minimize cortical pulsations, a 5-mm-diameter chamber whose base was covered with transparent elastic foil was lowered under micromanipulator control into a craniotomy centred on appropriate Horsley-Clarke coordinates (see below) until the foil made contact with the exposed pial surface. Penetrations for recording and inactivation, spaced µ 400-700 µm apart, were made through the transparent foil approximately normal to the cortical surface in either area 17 (L1.5-2.0; P3-6) or area 18 (A0-2; L2.5-3.0). A multiunit cluster was isolated with the inactiva-tion pipette, its orientation/direction preference determined quantitatively, and it was verified that iontophoresis of GABA reversibly abolished driven and spontaneous activity. Thereafter, single cells were isolated with the recording pipette, their receptive fields mapped and classified (Orban, 1984) , and orientation tuning curves for the dominant eye were derived with a moving light bar of optimal length, width and velocity of motion, but suboptimal contrast (0.3-0.5), before, during and after iontophoresis of GABA (100 nA) at the inactivation site. A record was made of the depth from the cortical surface at which single units were isolated, and the inactivation site and recording sites where cells showed increases in response to nonoptimal orientations or directions were marked by iontophoresis of biocytin (positive 0.7-0.9-µA current, 1 Hz, 0.5-s on/off duty cycle, 5-10 min). We typically made multiple penetrations with a recording pipette while the inactivation pipette remained in situ. The locations of penetrations for recording and inactivation were documented on an enlarged photograph of the exposed cortical surface, using the branching pattern of blood vessels as landmarks.
Injections of [ 3 H]-nipecotic acid
At the end of an inactivation experiment, the recording and inactivation pipettes were withdrawn and a glass micropipette (tip diameter 10-15 µm) containing [ 3 H]-nipecotic acid (Amersham, Bucks, UK; specific activity 25.8 Ci/mmol) was positioned directly above the entry point of a penetration in which cells showing disinhibitory effects on orientation tuning or directionality had been recorded. The stereotaxic coordinates of this penetration and its recorded location relative to the superficial vasculature were used to guide placement of the pipette. Using a manually controlled microdrive, the pipette was lowered in a direction normal to the cortical surface through the transparent foil covering the exposed pia and into the cortex until the tip was located at a cortical depth corresponding to the centre of a group of closely spaced recording sites where cells had shown the same type of effect (on orientation or direction). An injection of [ 3 H]-nipecotic acid (1 µCi/µL; 38.8 mM) in artificial cerebrospinal fluid was then made by applying brief pressure pulses to the end of the pipette, with each injection being made over a 10-15-min period. Injection volumes ranged from 45 to 320 nL, as assessed by monitoring the meniscus level of the pipette before and after the injection via a stereo operating microscope with an eyepiece graticule. Following each injection, the pipette was kept in place for at least 10 min before being withdrawn.
Perfusion and tissue processing
After a postinjection survival time of 60-120 min, cats were given an overdose of anaesthetic and perfused transcardially with oxygenated Tyrode's solution followed by a fixative containing 2-4% paraformaldehyde and 0.5-1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Large blocks of the area of interest were dissected and 50-80-µm-thick sections comprising the entire cortical depth were cut on a freezing microtome in a plane parallel to the cortical surface. Sections were rinsed in phosphate buffer and reacted for biocytin using the avidin-biotin complexed horseradish peroxidase method (ABC, Vector Laboratories, Burlingame, CA, USA) described in Kisvárday & Eysel (1993) and Kisvárday et al. (1994) . The most superficial section and every other third section was osmium-treated and embedded in Durcupan ACM resin (Fluka; Neu-Ulm, Germany) on slides. Autoradiographic detection of [ 3 H]-nipecotic acid labelling was performed on non-osmicated sections mounted on gelatine-coated slides. The slides were dipped in Ilford K5 nuclear emulsion and stored at 4°C. After exposure for 10-15 days, they were developed in Kodak D-19B developer, diluted 1 : 1 with distilled water and air-dried. To verify the selective uptake of [ 3 H]-nipecotic by GABAergic neurons, adjacent semithin (0.5 µm) horizontal sections were cut from resinembedded sections containing injection sites and mounted on separate gelatinized slides. Alternate sections were then processed for autoradiography (as above; exposed for 4-8 weeks), or reacted with anti-GABA antiserum and visualized with a peroxidase conjugated secondary antibody and 3,3Ј-diaminobenzidine.
Histological analyses
Histological reconstructions were made using the software Neurolucida (MicroBrightField Inc., Colchester, VT, USA) on an IBMcompatible computer which was connected to a light microscope (Leitz Diaplan) equipped with a motorized stage. Sections were examined at ϫ 100 magnification and charts were drawn of blood vessels, penetration marks made by the injection, inactivation and recording pipettes, cell bodies labelled autoradiographically and by iontophoresis of biocytin, and [ 3 H]-nipecotic acid injection sites. These charts were aligned using the profiles of cross-sectionally running small blood vessels and biocytin-labelled fibres with cut ends. For alignment of adjacent osmium-treated and autoradiographic sections, the magnification of the computer reconstructed images was adjusted to correct for the 7-9% greater shrinkage of the osmicated sections. This value corresponds very closely to the shrinkage factor determined for biocytin-stained, osmium-treated sections of areas 17 and 18 in previous experiments (Kisvárday & Eysel, 1993; Kisvárday et al., 1994) in which the perfusion protocol was the same as the one used here. We therefore consider shrinkage of autoradiographic sections to have been minimal. Clumps of silver grains whose density was clearly higher than that of the surrounding neuropil within the viewed region of the microscope were considered to represent radiolabelled cell bodies; neighbouring unlabelled cells could often be identified as clear spaces devoid of silver grains. To avoid misinterpretation of the results due to the inclusion of neuroglia, clumps of grains whose diameter was Ͻ 7 µm were excluded from the sample of radiolabelled cells. [ 3 H]-nipecotic acid injection sites were identified by the dense accumulation of silver grains in autoradiographs. In addition, tissue damage caused by the injection procedure which was visible in both autoradiographic and osmicated sections was used to assess the position of the injection-pipette tip. Slight tissue damage caused by each pipette was readily visible in osmicated sections and could sometimes be detected in autoradiographs. Under the light microscope, these penetration marks appeared as dark, slightly oedematous spots, often containing a few red blood cells and/or darkly stained macrophages. They could be traced up to the most superficial section representing the entry point of the pipette. Thus, each penetration could be identified by comparing its topographical location relative to the superficial vasculature in histological sections with its recorded location on the photograph of the cortical surface taken during the inactivation experiment. The inactivation site and the recording sites within each penetration were identified in autoradiographic and osmicated sections by discrete biocytin labelling of neuronal somata (diameter of label 30-60 µm). To test for the presence of radiolabelled cells in the vicinity of an inactivation site, the following procedure was adopted. We first selected for analysis those autoradiographic sections which contained radiolabelled cells within a vertical distance of 150 µm from the inactivation site (defined as the centre of biocytin-labelled somata), taking into account section thickness and the fact that autoradiographic labelling was confined to the upper surface of each section. Charts of these sections were then aligned and the topographical location of the inactivation site was marked on each chart. We then constructed a graph in which for a given cell the vertical distance from the inactivation site to the top of the section in which it was located was plotted against its lateral distance from the inactivation site. The radial distance between the cell and the inactivation site was then defined by the length of a straight line connecting its datum point with the origin of the graph. For cells in each section, data points were plotted in order of increasing lateral distance from the inactivation site until a cell was encountered at a radial distance of Ͼ 150 µm. We then counted the total number of cells located within 100 µm and 150 µm of the inactivation site. A similar graph was constructed to determine the distance between biocytin-labelled recording sites and the centre of a [ 3 H]-nipecotic acid injection site.
In the case where iontophoresis of biocytin at an inactivation site labelled large basket cells with projections to cross-orientation recording sites, their somata, axonal and dendritic fields were reconstructed from consecutive (autoradiographic and osmicated) sections using a 50ϫ oil objective.
Cortical layering followed the schemes of Lund et al. (1979) for area 17 and Humphrey et al. (1985) for area 18. Major laminar boundaries were determined by comparing the serial order of sections with cortical thickness, and on the basis of cytoarchitectural features in osmicated sections such as neuronal density, soma size and layerspecific cell types, particularly the large pyramidal cells at the layer III/IV border region and in layer V. Additionally, in both autoradiographic and osmicated sections, the types of neuron labelled by iontophoresis of biocytin at the inactivation site and each recording site was taken into account in establishing the identity of cortical layers.
Results
Selectivity of [ 3 H]-nipecotic acid for GABAergic neurons
Nipecotic acid is one of the most potent inhibitors of GABA transport processes in the brain (Krogsgaard-Larsen & Johnston, 1975; Larsson et al., 1980; Kovalev & Raevskii, 1981) and it has been shown to compete selectively with GABA for uptake into slices of rat cerebral cortex with an apparent affinity greater than that of GABA itself (Johnston et al., 1976a,b) . Injections of [ 3 H]-nipecotic acid produced selective labelling of GABA-immunopositive neurons in monkey visual cortex (Kritzer et al., 1992) , and in cat area 17, GABAimmunopositive neurons were selectively labelled following injections of [ 3 H]-GABA (Kisvárday et al., 1987) . We therefore expected that our injections of [ 3 H]-nipecotic acid would selectively label GABAergic neurons. To verify this, we compared adjacent, semithin sections from area 18 processed for autoradiography and GABA immunohistochemistry (see Fig. 1 ).
As expected, GABA immunohistochemistry revealed the presence of strongly immunoreactive cell bodies and terminals, the latter often surrounding GABA-immunopositive or immunonegative somata (Fig. 1B,D) . Following an injection of [ 3 H]-nipecotic acid (250 nL) in two cats, all radiolabelled cells we examined (n ϭ 75) corresponded to neurons which were strongly GABA immunoreactive (in Fig. 1 compare A with B and C with D); even close to the injection site, no GABA-immunonegative cell was radiolabelled. However, within the field of radiolabelled cells, a substantial proportion of GABAimmunopositive neurons, including those located close to the injection site, were not labelled autoradiographically.
General aspects of [ 3 H]-nipecotic acid labelling
The [ 3 H]-nipecotic acid injection sites consisted of a core region of damaged tissue modestly covered with silver grains and a surrounding dense 'halo' of silver grains within which few radiolabelled cells could be identified (injection-site diameter µ 170-250 µm; see Fig. 2A ,B,D). The paucity of identified radiolabelled cells around the injection centre may have been caused by the injection procedure preventing somal accumulation and/or retention of [ 3 H]-nipecotic acid (see Chronwall & Wolff, 1980) , although all but the most heavily labelled cells would have been obscured by the high level of neuropil labelling. Labelling over the neuropil represented [ 3 H]-nipecotic acid arrested within cell processes (for example, axons and dendrites) at the time of fixation. At the injection site, most of the silver grains overlying the neuropil were probably located in nerve terminals. This zone, in which the concentration of [ 3 H]-nipecotic acid is highest at the centre, may well have been larger than that in which terminal uptake resulted in detectable labelling of cell somata. As [ 3 H]-nipecotic acid competes with GABA for high-affinity uptake, the somatic content of silver grains reflects at any one time the sum of GABA and [ 3 H]-nipecotic acid arriving from all terminals. Thus, for a soma to be detected as labelled, a high proportion of its terminals should be located in regions of high concentration of [ 3 H]-nipecotic acid.
There was a large variation in the density of grains observed over individual cells considered to be radiolabelled (Fig. 1A ,C, 2A-C), which was independent of the distance from the injection site or the time between injection and fixation. The degree of labelling was considered to reflect the proportion of terminals maintained by each cell in proximity to injection sites. Particularly in regions where the level of neuropil labelling was high, including injection sites, unla- shows the dorsally adjacent section in which the recording site (white asterisk) was located; the black asterisk and star mark the topographical location of the injection centre and the inactivation site. Lateral distance between the recording site and injection centre µ 100 µm. c labels the same capillaries in (A) and (B). The recording site was identified by biocytin labelling of neuronal somata (diameter of label µ 60 µm). Outside this zone of biocytin labelling, cells which appear black are those which were heavily labelled by [ 3 H]-nipecotic acid. Some of the more moderately radiolabelled cells, one of which is marked by an arrowhead in (A), can be identified as clumps of grains which stand out against the surrounding neuropil labelling. Clear spaces are 'unlabelled' neurons whose grain density was well below that of the surrounding neuropil. The [ 3 H]-nipecotic acid injection site consisted of a core region of tissue damage caused by the injection procedure and a surrounding dense 'halo' of silver grains within which few radiolabelled cells were visible (injection-site diameter µ 250 µm). Note in (A) and (B), two darkly radiolabelled cells (arrowed) at a lateral distance of µ 75-80 µm from the inactivation site; and in (A) a more moderately radiolabelled cell (marked by arrowhead) at a lateral distance of µ 120 µm. (C) and (D) show, respectively, higher magnification photomicrographs of parts of the sections in (A) and (B). In (C), long filled arrows and arrowheads point, respectively, to neuronal somata and fibres labelled by iontophoresis of biocytin at the inactivation site. The inset is from a photomicrograph taken at a higher focal plane, showing two lightly radiolabelled neurons (filled arrows), together with neighbouring unlabelled neurons (open arrows), in close proximity to biocytin-labelled somata at the inactivation site. c marks the capillary adjacent to the star in (A). Scale bar 20 µm. (D) Shows neuronal somata (arrowed) labelled by iontophoresis of biocytin at the recording site (white asterisk) close to the core of the [ 3 H]-nipecotic acid injection site (black asterisk); arrowheads point to biocytin-labelled fibres. c, capillary. Scale bar ϭ 50 µm.
belled somata could be identified as clear spaces which were devoid of silver grains or where the grain density was substantially lower than that of the surrounding neuropil ( Fig. 2A,B ; Figs 4-6). The region adjacent to an injection site contained a high density of radiolabelled cells, most of which were heavily invested with silver grains, and an associated high level of neuropil labelling ( Fig. 2A,B) . Somal and neuropil labelling was also dense radially above and below an injection site. In the horizontal plane, the density of radiolabelled somata decreased more or less smoothly with increasing distance from the injection site, with the distribution of radiolabelled cells always extending laterally for at least 1 mm from the injection centre . Weakly radiolabelled cells predominated at locations laterally remote from the injection site. In the vertical plane, radiolabelled cells showed a clearly anisotropic distribution (see insets to Figs 5G and 6J). Together with the fact that, even close to an injection site, many GABA-immunopositive neurons were not labelled autoradiographically ( Fig. 1) , this essentially rules out simple diffusion and somatic uptake of [ 3 H]-nipecotic acid. The observed pattern and extent of labelling is consistent with axonal uptake and retrograde transport of the tracer.
Distribution of neurons labelled by injections of [ 3 H]-nipecotic acid and evidence for inhibitory projections from inactivation sites to recording sites
Area 18 Six injections of [ 3 H]-nipecotic acid were made in area 18, five in layer III and one in layer IV. One of these was placed remote (300 µm) from the nearest biocytin-labelled recording site. The other five injections (four in layer III and one in layer IV) were placed within µ 100 µm of one or two recording sites where disinhibitory effects on orientation tuning or directionality had been elicited from inactivation sites in layers III-IV (horizontal distance from injection centre µ 400-550 µm). Three of these injections targeted sites where cells had shown an increase in response to the non-preferred direction (but negligible change in orientation tuning) during inactivation of an iso-orientation site (orientation preference within 22.5°) with opposite direction preference and strong direction bias; the other two targeted sites where cells had shown increases in response to nonoptimal orientations (accompanied in one case by a disinhibitory effect on directionality) during inactivation of a cross-orientation site (difference in orientation preference 45-90°). In all five cases, radiolabelled cells were found in the vicinity of the inactivation site. The receptive fields of the recorded cells lay within 6-10°of the area centralis projection. Injections at iso-orientation recording sites. Figures 2 and 3 illustrate results from an experiment in which an injection of [ 3 H]-nipecotic acid was made in area 18 close to an iso-orientation recording site where a disinhibitory effect on directionality had been elicited. In Fig. 2A and B show photomicrographs of two adjacent, autoradiographic sections (50 µm) from layer III containing the [ 3 H]-nipecotic acid injection site, the recording and inactivation sites. (C) and (D) show, respectively, higher magnification photomicrographs of parts of the sections in (A) and (B). The injection centre and the inactivation site (asterisk and star in A) were located µ 550 µm apart in the same section. The recording site (white asterisk in B and D), which was identified by biocytin labelling of neuronal somata (arrowed in D), was located in the dorsally adjacent section, at a lateral distance of µ 100 µm from the injection centre (black asterisk). The injection of [ 3 H]-nipecotic acid (diameter µ 250 µm) produced dense retrograde labelling of two cells (arrowed in A and B) located within 100 µm of the inactivation site and more moderate labelling of another cell, just visible at low power (see arrowhead in A), located within 150 µm of the inactivation site. Additionally, as shown in (C), two weakly radiolabelled cells (short thick arrows) were detected in close proximity to biocytin-labelled neuronal somata (long thin arrows) at the inactivation site. Although both cells showed low grain densities, they could be confirmed as radiolabelled by comparison with two neighbouring 'unlabelled' cells (indicated by open arrows) which were essentially devoid of silver grains. The effect of remote inactivation corresponding to Fig. 2 is documented in Fig. 3 . The recorded cell (a C-cell) and the inactivation site showed the same orientation preference but strong bias for opposite directions of motion (compare polar diagram and A with D). Remote inactivation (B) caused a marked reduction in the cell's direction bias (E), with the directionality index [(DI): 1-(response to non-preferred/preferred direction), with mean spontaneous activity subtracted] decreasing from 0.76 to 0.16. The effect was due primarily to an increase in response to the non-preferred direction. Its time course was comparable with that for the abolition of multiunit activity at the inactivation site. Following termination of GABA application, the directionality of the recorded cell reverted to its original state with a time course that closely paralleled that for the recovery of the multiunit response at the inactivation site (compare F with C).
Comparable results were obtained from another experiment in area 18 (data not shown), in which the [ 3 H]-nipecotic acid injection was also placed in layer III, close to a recording site where a C-cell had shown a decrease in DI from 0.91 to 0.53 during iso-orientation inactivation in the same layer. Two very heavily radiolabelled cells were found within 100 µm of the inactivation site and a third, more moderately labelled cell within 150 µm.
Physiological/anatomical data from the other experiment in area 18 in which an injection of [ 3 H]-nipecotic acid was placed close to iso-orientation recording sites are shown in Fig. 4 . In this case, the injection centre was located Ͻ 100 µm from two sites in lower layer IV (RS 1 and RS 2 ) at each of which an S-cell had shown a marked reduction in direction bias [decrease in DI from 0.71 to 0.15 (D,E) and from 0.74 to 0.16 (G,H)] during remote inactivation in the same layer. As shown in Fig. 4J , the injection (320 nL; diameter µ 200 µm), which was placed in lower layer IV but also involved the top of layer V (see inset), gave rise to a field of radiolabelled cells (dots) which, in the tangential plane, was roughly circularly symmetrical about the injection centre (asterisk). The density of labelling decreased with increasing lateral distance from the injection site. Radiolabelled cells showed a relatively even distribution in the tangential plane and did not aggregate in clusters. All layers contained radiolabelled cells. In each layer, they were concentrated within a lateral distance of µ 0.3 mm from the injection centre, although in layers II-VI labelling extended laterally for 0.7-1 mm (see shading in inset). Figure 4 (K) shows a composite chart of labelling in two autoradiographic sections from layer IV (see inset) which contained all radiolabelled cells (C 1 -C 6 ) located within 150 µm of the inactivation site (star). Of these six cells, three (C 1 -C 3 ; large filled circles) were located Ͻ 100 µm and three (C 4 -C 6 ; small filled circles) Ͼ 100 µm from the inactivation site. As can be seen in (L), five of these cells (C 2 -C 6 ) were heavily invested with silver grains. C 1 was lightly labelled, but its grain density clearly exceeded that of the surrounding neuropil and was substantially higher than that of three neighbouring unlabelled cells (indicated by open arrows).
Injections at cross-orientation recording sites. Both of these injections were made in layer III. In one case, which is illustrated in Fig. 5 , the injection (diameter µ 180 µm) was placed close to a recording site where a C-cell had shown a marked increase in response to nonoptimal orientations, accompanied by a slight increase in response to the non-preferred direction, during inactivation of a site with orthogonal orientation preference (compare top two rows). The effects resulted in a substantial increase in orientation tuning half-width (measured at half the maximum response from smoothed tuning curves; see Crook et al., 1991) from 30°to 90°(200%) and a loss of direction bias (decrease in DI from 0.30 to 0). The injection produced retrograde labelling of four cells (C 1 -C 4 ) located within 150 µm of the inactivation site at the layer III/IV border region (H). These comprised one very heavily radiolabelled cell (C 1 ) and a moderately labelled cell (C 2 ) within 100 µm of the inactivation site and two densely labelled cells (C 3 and C 4 ) within 150 µm (I). The other injection was placed Ͻ 100 µm from two recording sites where an S-cell and a C-cell had shown, respectively, a 52% and a 38% increase in orientation tuning width (with negligible change in directionality) during remote inactivation in layer III (data not shown). Two densely radiolabelled cells were found within 100 µm of the inactivation site and a lightly labelled cell within 150 µm.
As illustrated in Fig. 5G , the pattern of labelling produced by injections in layer III (n ϭ 5; injection volume 45-320 nL) differed from that following the injection in lower layer IV (Fig. 4) , both in terms of the tangential distribution of radiolabelled cells and the lateral spread of labelling in different layers. Although the overall lateral extent of labelling was about the same in each case, following layer-III injections, the density of radiolabelled cells decreased more smoothly with increasing lateral distance from the injection site. Additionally, in contrast to the uniformly widespread labelling throughout layers II-VI produced by the injection in lower layer IV, marked laminar differences in the lateral extent of labelling were seen following layer-III injections. Labelling was widespread in the superficial layers, with radiolabelled cells in layer II and layer III © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 2056-2075 extending laterally for 0.8-0.9 mm and 1.1-1.2 mm from the injection centre. However, in layers IV-VI, labelling was more circumscribed and showed a smaller lateral spread than that produced by the injection in lower layer IV. In layer IV, radiolabelled cells were distributed within a lateral distance of µ 0.6 mm from the injection centre, and in layer V they were confined mainly within a lateral distance of 0.3 mm, although a few outlying cells at the top of the layer strayed as far as 0.7 mm. Radiolabelled cells in layer VI were located near the border with layer V and were confined within µ 0.3 mm of the central axis of the injection.
Area 17
Five injections of [ 3 H]-nipecotic acid were made in area 17 (injection volumes 45-60 nL). Three of these were placed remote (Ͼ 300 µm) from the nearest biocytin-labelled recording site. Each of the other two injections was placed Ͻ 100 µm from two recording sites where cells had shown an increase in response to the non-preferred direction (but negligible change in orientation tuning) during inactivation of an iso-orientation site with opposite direction preference and strong direction bias. In both cases, radiolabelled cells were found in the vicinity of the inactivation site. The recorded cells had receptive fields within 5-8°of the area centralis projection.
Injections in layer IV. Two injections of [ 3 H]-nipecotic acid were made in layer IV, both in the upper half of the layer. In one case, the injection was placed remote from biocytin-labelled recording sites. In the other case, which is illustrated in Fig. 6 , the injection (diameter µ 170 µm) was placed close to two sites in upper layer IV where an S-cell (recorded at RS 1 ) and a C-cell (recorded at RS 2 ) had shown a marked reduction in direction bias during remote inactivation in the same layer (decrease in DI from 0.94 to 0.45 in D and E and from 0.84 to 0.31 in G and H). It produced moderate retrograde labelling of two cells located within 100 µm and two others within 150 µm of the inactivation site (K,L). A surface view of the distribution of cells radiolabelled following this injection is shown in Fig. 6J . This is not a true reflection of the distribution of radiolabelled cells parallel to the cortical surface, because injections in area 17 were made on the crown of the lateral gyrus which is highly curved and the cortex was not flattened. For the same reasons, the shading in the inset gives only an approximate indication of the lateral extent of labelling in different layers; radiolabelled cells laterally remote from the injection site may have been located in more superficial layers than those indicated. Nevertheless, it is clear that labelling was widespread in the superficial layers, with the distribution of radiolabelled cells extending laterally up to 1.3 mm from the central axis of the injection. It is also apparent that labelling in layer IV extended laterally for several hundred microns from the injection centre. No radiolabelled cells were found in layer VI. Also, superficial sections from layer I and the upper portion of layer II did not contain radiolabelled cells. This was presumably due to oedema and/or tissue damage, which was evident in these sections, preventing perikaryal accumulation of the tracer (cf. Chronwall & Wolff, 1980) , because radiolabelled cells were present throughout layers I-II following the other injection in upper layer IV of area 17 which, in all other respects, produced a very similar pattern of labelling to that illustrated.
Injections in layers II/III.
Three injections were made in layers II/III. Two of these were confined to layer III and placed remote from biocytin-labelled recording sites. The other injection spanned the layer II/III border and was placed close to two recording sites at each of which a C-cell had shown a marked reduction in direction bias (decrease in DI from 0.94 to 0.45 and from 0.95 to 0.55) during inactivation of a site in upper layer IV at a horizontal distance of µ 400 µm (data not shown). It produced retrograde labelling of two cells located within 100 µm of the inactivation site and a third cell located within 150 µm, all of which were heavily invested with silver grains. Injections in layers II/III produced a similar pattern of labelling to those made in upper layer IV except that, notably, all injections in layers II/III gave rise to fields of radiolabelled cells in layer VI, distributed within a lateral distance of 0.3 mm from the injection centre.
Inhibitory projections from an inactivation site to crossorientation recording sites demonstrated by iontophoresis of biocytin
In one of the experiments in area 17 in which the injection of [ 3 H]-nipecotic acid was placed remote from targeted recording sites, iontophoresis of biocytin at the inactivation site in layer III fortuitously labelled the somata, dendritic and axonal fields of two large basket cells. We are not certain why this injection produced such extensive labelling, but presume that it was due to the greater amount of tracer delivered. Although the injection parameters were the same as for other biocytin injections, the injection site was much larger (diameter µ 200 µm). Figure 7A shows a reconstruction of the soma and dendrites (shaded) of each labelled basket cell (BC 1 and BC 2 ) and the pooled distribution of axonal boutons (dots) of both cells, as viewed from the cortical surface. BC 1 and BC 2 were located, respectively, at a lateral distance of µ 40 µm and µ 100 µm from the centre of the inactivation/injection site (IS; star). Light microscopic features characteristic of both cells are shown for BC 1 in (B) and (C). Both cells showed morphological properties very similar to those of superficial-layer, large basket cells of area 17 described previously Somogyi et al., 1983) . They had large somata (diameter µ 25-30 µm) bearing smooth, beaded dendrites (B) which were emitted in many directions from the parent soma. Their main axons were heavily myelinated and followed a relatively straight course tangential to the cortical surface; en route, they emitted radially oriented branches which, in turn, gave off short segments laden with bulbous boutons which often surrounded the perikarya of other neurons (C). Their axonal fields could be traced only in layers II/III. Both cells had dense axonal arborizations within their dendritic trees; in (A), the paucity of plotted boutons in the vicinity of the inactivation site reflects the fact that most of the fine axonal collaterals entering the core region of biocytin labelling could not be traced. Additionally, the axons of both cells extended horizontally in many directions up FIG. 4 . Disinhibitory effects on directionality recorded in layer IV (area 18) during iso-orientation inactivation in the same layer, and evidence for inhibitory projections from the inactivation site to the recording sites. Top row as in Fig. 3 . (D-I) PSTHs in response to opposite directions of motion of an optimally oriented bar for two S-cells (D-F and G-I) recorded at different sites (RS 1 and RS 2 ) in lower layer IV during the same penetration, in the control situation (D,G), and 2-4 min after onset (E,H) and offset (F,I) of iontophoresis of GABA at the inactivation site. Direction preference at inactivation site was opposite that of both recorded cells, and each showed an increase in response to the non-preferred direction during remote inactivation. PSTH bin-widths: (A-C) 90 ms (nine bins combined); (D-F) 30 ms (three bins combined); (G-I) 10 ms. Amplitude of motion 20°, cycle duration 2.5 s, stimulus velocity 27°/s throughout. Spatial relationship between minimum response field of each recorded cell and that for multiunit activity at inactivation site shown on left of appropriate row of PSTHs. All data derived for ipsilateral eye. to µ 750 µm from the parent soma and innervated only certain sectors of cortex within their reach. The axonal fields of each cell overlapped to a large extent so that this characteristic axonal projection pattern is also evident in the pooled boutonal distribution of both cells.
Boutons of BC 1 and BC 2 (ringed in Fig. 7A ) were present close to the topographical location of two cross-orientation recording sites sampled in the same penetration in layers II/III (RS 1 and RS 2 ) where disinhibitory effects on orientation tuning had been elicited from the inactivation site. These effects are documented in Fig. 8 . The orientation preference at the inactivation site (top row) differed by 67.5°from that of a C-cell recorded in layer II at RS 1 (D-F) and was orthogonal to that of an S-cell recorded in layer III at RS 2 (G-I). During remote inactivation, both cells showed an increase in response to non-optimal orientations, which resulted in substantial broadening of orientation tuning [increase in tuning half-width from 24°to 58°(142%) in D and E and from 18°to 59°(227%) in G and H]. As shown in (J-L), boutons of BC 1 and BC 2 were located in close proximity to RS 1 and RS 2 , respectively. These boutons correspond to those ringed in Fig. 7A . As the terminals of large basket cells contain GABA (Somogyi & Soltész, 1986; Kisvárday et al., 1987) , this is strong evidence for a cross-orientation inhibitory projection from the inactivation site to each recording site. Furthermore, as the majority of synapses made by large basket cells are on the somata and proximal dendrites of their target cells Kisvárday et al., 1987) , BC 1 and BC 2 must have made synaptic contact with cells located close to RS 1 and RS 2 , respectively. It is important to point out that it was difficult to trace fine axon collaterals in the region of dense biocytin labelling at both recording sites. Thus, the boutons plotted in Fig. 8J and L should be regarded as a minimal estimate of the total number of boutons supplied by each basket cell in proximity to each recording site. Note also that outside the ringed zone in Fig. 7A , strings of boutons distributed at a lateral distance of µ 70-150 µm from RS 2 can be seen running towards this recording site. These boutons derived from both BC 1 and BC 2 and they were located in the section containing RS 2 and in the ventrally adjacent section. At least some of them probably targeted sites where the orientation preference was similar to that at RS 2 . Thus, in addition to the terminals supplied by BC 2 in close proximity to RS 2 , both labelled basket cells probably had cross-orientation projections which terminated in the vicinity of RS 2 . We were, of course, interested to determine whether BC 1 and BC 2 projected to other recording sites where disinhibitory effects of remote inactivation had been elicited. Regrettably, all other such effects were elicited in cells recorded deep to layer III. 
Discussion
In the present study, increases in response to non-optimal orientations and/or directions were elicited in single cells recorded in layers II/ III-IV of cat areas 17 and 18 by localized inactivation in the same area of a laterally remote, visuotopically corresponding site of defined orientation/direction specificity in layers III-IV. We have provided anatomical evidence for the presence of an inhibitory pathway from inactivation sites to recording sites whose inactivation may have contributed to the effects.
Retrograde labelling of GABAergic neurons by [ 3 H]-nipecotic acid injections
The selectivity of nipecotic acid as a potent competitor with GABA at high-affinity GABA uptake sites is well documented (e.g. KrogsgaardLarsen & Johnston, 1975) , and our injections of [ 3 H]-nipecotic acid almost certainly resulted in selective labelling of GABAergic neurons, as all radiolabelled cells that we tested immunohistochemically were strongly GABA immunoreactive. That GABAergic neurons, including those located in the vicinity of inactivation sites, were labelled by retrograde transport is supported by a number of observations. The apparent site of [ 3 H]-nipecotic acid injections was always clearly demarcated by a distinct region of high grain density with a diameter of 170-250 µm; radiolabelled cells in the vicinity of inactivation sites were located well beyond this region and labelling always extended for more than 1 mm from it. The precise relationship between the region of high grain density at injection sites and the area of effective uptake is not known. However, injections in layer III of area 18 varying in volume from 45 to 320 nL produced essentially the same pattern of labelling, whereas in area 17, injections made in upper layer IV and layer III separated vertically by µ 200 µm produced different results with respect to the presence or absence of radiolabelled cells in layer VI. It therefore appears that the highly efficient uptake of [ 3 H]-nipecotic acid and the slow delivery of the tracer combined to produce highly circumscribed effective uptake zones, confined within the apparent site of injections. Diffusion and somatic uptake of [ 3 H]-nipecotic acid can be discounted, because (i) radiolabelled cells showed a markedly anisotropic distribution in the vertical plane, and (ii) in our control experiments, [ 3 H]-nipecotic acid injections failed to label a substantial proportion of GABA-immunopositive neurons, even in regions adjacent to the injection site. Dendritic uptake of the tracer by radiolabelled cells in the vicinity of inactivation sites is also highly unlikely considering their lateral distance from injection sites (µ 300-700 µm) in relation to the lateral dendritic spread of putative inhibitory neurons in layers II/III-IV of cat visual cortex (Peters & Regidor, 1981; Somogyi et al., 1983; Fairen et al., 1984; Kisvárday et al., 1985; Somogyi, 1989; Tamás et al., 1997a,b) . Finally, in monkey V1, radiolabelling by [ 3 H]-GABA distal from injection sites was abolished by prior local injection of colchicine, an inhibitor of axoplasmic transport (DeFelipe & Jones, 1985) , demonstrating that cells were retrogradely labelled. Thus, radiolabelling with [ 3 H]-nipecotic acid, which presumably utilizes the 
Types of radiolabelled neuron in the vicinity of inactivation sites
Autoradiography alone provides little information on the type of cell being labelled. It was generally not possible to infer cell type on the basis of apparent soma size, assessed from the diameter of clumps of grains in autoradiograms, because (i) the soma-size distributions of putative inhibitory neurons overlap extensively, and (ii) apparent soma size depends on the location of the soma relative to the plane of section and represents a minimal estimate of actual soma size. However, the most likely candidates for radiolabelled cells in the vicinity of inactivation sites are basket cells, which are both GABAergic (Somogyi & Soltész, 1986; Kisvárday et al., 1987) and have horizontally directed axon collaterals in the appropriate range. The majority were probably large basket cells, which have 0.5-1.5 mmlong tangential projections within and/or between layers II/III and IV Somogyi et al., 1983; Naegele & Katz, 1990; Kisvárday, 1992; Thejomayen & Matsubara, 1993; Kisvárday & Eysel, 1993; Kisvárday et al., 1994 ; and see Fig. 7 ). However, those located closest to injection sites may have been layer-IV clutch cells whose axon collaterals can extend laterally up to µ 300 µm from the parent soma (Kisvárday et al., 1985; Naegele & Katz, 1990) , or superficial layer, small basket cells with horizontally oriented axons (DeFelipe & Fairen, 1982; Fairen et al., 1984; Freund et al., 1986a; Meyer & Wahle, 1988) . Recent in vitro studies (Tamás et al., 1997a,b) have revealed a novel class of inhibitory neuron with similar morphological features to basket cells (dendrite-targeting cells) whose axonal fields span lateral distances of up to 1500 µm in the superficial layers and 600 µm in layer IV. These cells may also have been among those radiolabelled in the vicinity of inactivation sites. A number of radiolabelled cells had rather large apparent soma sizes, approaching 20 µm in major diameter (e.g. Sphere of influence of GABA iontophoresis and functional specificity of the inhibitory pathway from inactivation to recording sites Although we did not systematically determine the sphere of influence of GABA iontophoresis, it is possible to make a fairly accurate estimate. Our inactivation pipettes, which readily sampled multiunit activity, probably had a 'seeing distance' of about 50-100 µm around the tip (cf. Mountcastle, 1957; Towe, 1975) , and the time taken for the effects on a recorded cell to reach their height was similar to, although typically somewhat longer than, that required for the abolition of multiunit activity at the related inactivation site. It has been shown that GABA ejected iontophoretically in cerebral cortex diffuses through a volume of tissue significantly larger than that over which micropipettes can record action potentials generated by all the affected cells (Herz et al., 1969) . We are therefore confident that applications of GABA that were required to elicit effects on a recorded cell inactivated cells located up to 150 µm from the inactivation site. However, extensive diffusion of GABA beyond this distance can be excluded, because we have previously found that iontophoresis of GABA with ejecting currents and durations of application similar to those used in the present study did not directly inhibit cells recorded at distances of µ 250 µm.
In areas 17 and 18, cells with similar orientation preferences are organized in iso-orientation domains, each of which is typically subdivided into regions selective for opposite directions of motion extending a few hundred microns in the laminar and columnar dimension (Berman et al., 1987; Swindale et al., 1987; Bonhoeffer & Grinvald, 1993; Bonhoeffer et al., 1995; Shumuel & Grinvald, 1996) . Thus, given the estimated 'seeing distance' of our inactivation pipettes, all labelled cells located within 100 µm (including biocytinlabelled large basket cells) can be considered to have had a similar orientation/direction specificity to that shown by multiunit activity recorded at the inactivation site. This is also likely to have been the case for labelled cells located more remotely, within 150 µm, although it is just conceivable that some of these may have had radically different properties had the inactivation pipette been located in the vicinity of an orientation centre (Bonhoeffer & Grinvald, 1993; Bonhoeffer et al., 1995) where orientation preference changes rapidly, or close to the border between iso-direction domains with opposite direction preference (Berman et al., 1987; Swindale et al., 1987; Shumuel & Grinvald, 1996) . The effective uptake zone for [ 3 H]-nipecotic acid appears to have been confined within the apparent site of injections whose diameter was µ 170-250 µm (see above), and our successful injections were placed µ 80-100 µm from recording sites where disinhibitory effects on orientation/direction selectivity had been elicited. Thus if, as we have argued, radiolabelled neurons in the vicinity of inactivation sites were basket cells or dendritetargeting cells, which make synapses primarily with the proximal processes of their target neurons (DeFelipe & Fairen, 1982; Somogyi et al., 1983; Fairen et al., 1984; Kisvárday et al., 1985; Tamás et al., 1997a,b) , they must have made synaptic contact with recorded cells or cells in their vicinity, most of which will have had similar orientation/direction preferences to those of recorded cells. More direct evidence on this point was obtained for the biocytin-labelled large basket cells of Figs 7 and 8. Each emitted axonal boutons in close proximity to a recording site where a disinhibitory effect on orientation tuning had been elicited, and both had strings of boutons distributed within µ 70-150 µm of one of these sites.
Circuitry underlying effects on orientation/direction selectivity
Loss of inhibition in recurrently connected neurons
Before discussing how inactivation of the inhibitory pathway from inactivation to recording sites may have contributed to the observed effects, it is important to consider results of a number of intracellular studies (Creutzfeldt et al., 1974; Innocenti & Fiore, 1974; Ferster, 1986; Sato et al., 1991; Berman et al., 1992; Volgushev et al., 1993; Nelson et al., 1994; Pei et al., 1994) , which have thrown light on the way excitatory and inhibitory influences interact to produce response selectivity. Taken together, these studies can be considered to have demonstrated the following major points: (i) in most cases, the excitatory and inhibitory input to a cortical cell is tuned to the optimal orientation and direction of motion; (ii) IPSPs can be evoked in response to stimuli presented at extreme nonoptimal orientations and non-preferred directions of motion; and (iii) the magnitude of inhibition during non-optimal stimulation is insufficient to suppress strong excitation comparable with that evoked by optimal stimuli. These findings have led several authors to propose that intracortical inhibition contributes to cortical orientation/direction selectivity primarily via the rapid suppression of the excitatory input from the thalamus during non-optimal stimulation and that the resultant excitation is amplified via recurrent excitatory connections among cells with similar orientation/direction preferences Somers et al., 1995; Suarez et al., 1995; Vidyasagar et al., 1996) . In this case, the excitatory load which needs to be opposed during non-optimal stimulation would be small, because the thalamic input is relatively weak, providing only 5-20% of the excitatory synapses in layer IV (Garey & Powell, 1971; LeVay & Gilbert, 1976; LeVay, 1986; Peters & Payne, 1993; Ahmed et al., 1994) , and the intracortical excitatory input would be biased for orientation/direction. Experimental support for the above hypothesis derives from intracellular recordings (Pei et al., 1994) and GABA inactivation experiments (Crook et al., 1996 (Crook et al., , 1997 , which provided evidence for a major contribution of both cross-orientation inhibition and intracortical iso-orientation excitation to the orientation tuning of cells which receive a monosynaptic input from the thalamus. Therefore, the most likely explanation for the present effects is that they were due to the loss of an inhibitory input from cells at the inactivation site to excitatory neurons in the vicinity of recording sites with radically different orientation preferences (for cross-orientation inactivation) or opposite direction preferences (for iso-orientation inactivation) which, in turn, had recurrent iso-orientation/direction connections with each other and a recorded cell. It is clear from both anatomical (Gilbert & Wiesel, 1983; Martin & Whitteridge, 1984; Kisvárday et al., 1986; Gilbert & Wiesel, 1989; Ahmed et al., 1994; Anderson et al., 1994) and cross-correlation (Ts'o et al., 1986; Hata et al., 1991) studies that, although there are long-range excitatory connections between iso-orientation domains, the richest excitatory interconnections are made between neighbouring cells, and recent anatomical data suggest that lateral iso-orientation excitatory connections are strongest over distances of µ 200 µm . Thus, recurrent excitation among cells with similar orientation/ direction preferences in the vicinity of recording sites could have mediated substantial response amplification. Loss of inhibition in these cells during non-optimal stimulation could allow amplification of responses to non-optimal as well as optimal stimuli and lead to a reduction in the response selectivity of a recorded cell. Because in most cases both the recording and inactivation sites were located in layers III-IV, which contain a high proportion of cells receiving a monosynaptic thalamic input (Harvey, 1980; Ferster & Lindström, 1983; Martin & Whitteridge, 1984) , many of the present effects may have reflected the loss of a rapid (disynaptic) inhibitory input to recurrently connected, monosynaptically excited cells. An orientation/ direction preference could be conferred upon first-order inhibitory (and excitatory) neurons via an oriented convergence of thalamocortical afferents (Hubel & Wiesel, 1962) or an orientation/direction biased input from thalamic relay cells (Vidyasagar & Urbas, 1982; Jones & Sillito, 1994; Thompson et al., 1994a,b) . Although Ferster et al. (1996) have recently claimed that the thalamic input is sufficient to generate orientation tuning in first-order simple cells in area 17, their results are actually not inconsistent with a contribution of intracortical circuitry to cortical orientation selectivity (Sompolinsky & Shapley, 1997 ; and see discussion in Crook et al., 1997) .
Impact of inhibitory projections from inactivation sites to recording sites
Inactivation of inhibitory projections from cells at the inactivation sites is likely to have had a major impact on the response selectivity of recurrently connected excitatory neurons in the vicinity of recording sites, for the following reasons. 1 The actual number of GABAergic cells within 150 µm of inactivation sites with projections to injection sites would have been much larger than the three to six cells that were radiolabelled, because radiolabelling was confined to the upper surface of each (50-80 µm-thick) autoradiographic section, and in order to facilitate the reconstruction of electrode tracks, every third section was osmiumtreated and hence could not be processed for autoradiography. 2 Most radiolabelled cells in the vicinity of inactivation sites showed high grain densities, suggesting that they had high terminal densities and contacted a large number of cells at the injection sites. 3 Many GABAergic cells which projected from inactivation sites to injection sites would also have had terminals in adjacent regions, in the vicinity of recording sites. This applies, in particular, to large basket cells whose long-range horizontal axon collaterals extend in many directions from the soma and distribute boutons in closely spaced, localized clusters or radial columns Somogyi et al., 1983) . 4 Large basket cells and clutch cells are well-suited to provide rapid feedforward inhibition which seems necessary for the generation of orientation/direction selectivity; they can be monosynaptically activated by thalamic afferents, receive thalamic afferent input directly on their somata, and have thick, heavily myelinated (presumably rapidly conducting) axons Kisvárday et al., 1985; Freund et al., 1986b) . 5 All types of basket cell have been shown to make synaptic contact primarily with spiny (excitatory) neurons (DeFelipe & Fairen, 1982; Somogyi et al., 1983; Kisvárday et al., 1985) . 6 Together, basket cells and dendrite-targeting cells provide a rich synaptic input to the somata and proximal dendritic shafts of spiny neurons (DeFelipe & Fairen, 1982; Somogyi et al., 1983; Kisvárday et al., 1985; Tamás et al., 1997a) . These are very effective locations for inhibiting the excitatory input to spiny cells which arrives on dendritic spines and distal dendritic shafts (LeVay, 1973; Ahmed et al., 1994) . 7 Single basket or dendrite-targeting cells elicit in spiny neurons fast IPSPs similar to those mediated by GABA A -receptors (Tamás et al., 1997a) , and blockade of GABA A -receptors has deleterious effects on orientation/direction selectivity (Sillito, 1977 (Sillito, , 1979 Tsumoto et al., 1979; Sillito et al., 1980) .
Impact of single-site inactivation
A remaining issue concerns the potential influence of single-site inactivation lateral to a recorded cell in the context of the overall spatial organization of inhibitory connections. Vertical inhibitory connections, which were a prominent feature of the present results, do not seem to be necessary for the generation of orientation/direction selectivity Schwark et al., 1986) , although they may make a minor contribution to orientation tuning (Allison & Bonds, 1994) . In the tangential plane, radiolabelled cells were more or less evenly distributed about injection sites with labelling extending laterally for 1-1.3 mm from the injection centre. These results are in general agreement with those of previous studies in areas 17 (Albus et al., 1991; Albus & Wahle, 1994) and 18 (Matsubara & Boyd, 1992) in which larger injections of retrograde tracers were combined with GABA immunohistochemistry, although these studies found small numbers of GABAergic neurons at much greater lateral distances (up to 3 mm) from injection sites. Laterally remote radiolabelled cells were sparsely distributed, and they had low densities of silver grains, suggesting that they had low terminal densities at the injection site. This accounts well for the failure of cross-correlation (Hata et al., 1991) and electrical stimulation (Weliky et al., 1995) studies to detect inhibitory interactions across lateral distances of more than µ 700 µm. As the periodicity of iso-orientation domains is about 1 mm (Berman et al., 1987; Swindale et al., 1987; Shumuel & Grinvald, 1996) , the strongest lateral inhibitory interactions between cells with opposite direction preferences would seem to occur across iso-direction subregions located within the same iso-orientation domain. This would explain why large disinhibitory effects on directionality could be elicited from a single inactivation site. On the other hand, comparison of the tangential distribution of radiolabelled cells with the layout of orientation preference in areas 17 and 18 (Berman et al., 1987; Swindale et al., 1987; Bonhoeffer & Grinvald, 1993; Bonhoeffer et al., 1995) suggests that a single site receives inhibitory projections from a number of surrounding cross-orientation sites. This raises the question of whether inactivation of the inhibitory input from a single cross-orientation site could account for the observed effects on orientation tuning. Pertinently, intracellular studies combined with computer stimulations (Berman et al., 1992) have shown that while for small excitatory currents inhibition can suppress action potential discharge, once threshold is reached the effectiveness of inhibition declines rapidly with increasing excitatory current. In view of these marked non-linear interactions between excitatory and inhibitory inputs, inactivation of the inhibitory input from a single crossorientation site to recurrently connected excitatory neurons in the vicinity of recording sites would probably have had a disproportionately large disinhibitory effect on their orientation selectivity; a recorded cell in contact with these cells might then show substantial broadening of orientation tuning.
Additional features of the spatial organization of inhibitory connections: implications for orientation/direction selectivity Regions adjacent to injection sites showed a high concentration of radiolabelled cells, most of which were heavily invested with silver grains, and the density of labelling decreased with increasing horizontal distance. The density of radiolabelled cells may have peaked close to the injection centre, but the high concentration of silver grains at injection sites made it extremely difficult to resolve individual cells. The high concentration and heavy labelling of radiolabelled cells close to injection sites is consistent with the fact that the axons of most putative inhibitory neurons arborize locally, within a few hundred microns of the soma (Peters & Regidor, 1981; Fairen et al., 1984) and also accounts well for intracellular data showing that the inhibitory input to a cortical cell is maximal for the optimal orientation and direction of motion (Ferster, 1986; Sato et al., 1991) . These dense, short-range inhibitory connections are probably necessary to mediate feedback control of recurrent excitation within an iso-orientation/direction domain  and see above).
Injections of [ 3 H]-nipecotic acid which were made in layer III or upper layer IV produced widespread labelling in layers II-IV, whereas in deeper layers radiolabelled cells were confined largely within µ 0.3 mm of the central axis of the injection. On the other hand, widespread labelling was observed in the deep layers following an injection in lower layer IV which also involved the top of layer V, and this is consistent with the long-range tangential projections of deep-layer large basket cells (Kisvárday et al., 1987) . Taken together with the results from the present inactivation experiments, this suggests that cortical orientation/direction selectivity is sharpened by laterally directed inhibitory connections which are repeated across cortical layers or groups of layers. This notion is consistent with the findings of Malpeli and colleagues Schwark et al., 1986) which demonstrated a high degree of independence among cortical layers in the generation of orientation/direction selectivity.
Conclusions
In our previous GABA inactivation experiments (Crook & Eysel, 1992; Crook et al., 1996 Crook et al., , 1997 we found that increases in response to non-optimal orientations were elicited almost exclusively from cross-orientation sites and increases in response to non-preferred directions mainly from iso-orientation sites whose direction preference was opposite that of a recorded cell. In the present study, we have demonstrated the presence of inhibitory projections from inactivation sites to recording sites in cases where these types of disinhibitory effect were elicited. Taken together, the results provide strong evidence that cortical orientation tuning and direction selectivity are sharpened, respectively, by cross-orientation inhibition (Sillito, 1979; Morrone et al., 1982) and laterally directed iso-orientation inhibition (Emerson & Gerstein, 1977; Ganz & Felder, 1984; Emerson et al., 1987) between cells with opposite direction preferences. We suggest that basket cells and possibly also dendrite-targeting cells play a major role in the generation of both properties.
